The challenge in SI-CAP is that the number of subbands required to achieve the same spectral efficiency as m-CAP increases as the constellation size, M, increases. This requirement results in increased complexity for SI-CAP for large constellation sizes [3] . Consequently, an enhanced SI-CAP (eSI-CAP) which employs a dual constellation is developed to address this problem. The concept of using dual constellation has been proposed by [4] for orthogonal frequency division multiplexing (OFDM) and is implemented in this work to improve the m-CAP performance. In contrast to SI-CAP which nulls the inactive subbands by carrying no data symbols on them, eSI-CAP modulates them using symbols from a constellation other than the one employed for the active subbbands. As a result, eSI-CAP utilizes a dual distinguishable constellation M A and M B such that M A ∩ M B = ∅ and M A ∪ M B = M. Thus, in addition to the index bits, the eSI-CAP modulates the active and the inactive subbands with symbols from M A and M B , respectively [4] . Therefore, eSI-CAP enhances the spectral efficiency of m-CAP for any number of subbands and constellation sizes without increasing the complexity of the resulting system. Furthermore, a novel detection scheme is developed for the subband index schemes that achieves maximum likelihood solution but with the same order of complexity as the conventional m-CAP modulation. Thus, the benefits of the developed subband index schemes are accessible without much increase in system complexity. The performance of the subband index schemes are experimentally demonstrated for a short optical data link using step-index plastic optical fiber (SI-POF). The SI-POF is very attractive for short range optical communication due to its ease of handling and installation which lowers the overall cost of implementation. The experimental demonstrations in SI-POF show that for a fixed power efficiency, the SI-CAP schemes achieve higher spectral efficiency in comparison to the conventional m-CAP.
The main contributions of this letter are summarized as follows: 1.) Spectrally-efficient subband index schemes are experimentally demonstrated to improve the spectral efficiency and BER of an m-CAP based short range POF communication link; 2.) a low complexity detector that achieves the maximum likelihood solution is developed for the subband index modulation schemes. The rest of the letter is organized as follows: the system models for the subband index schemes are presented in Section II. The detection schemes are detailed in Section III while Section IV describes the experimental demonstration and discusses the results. Section V concludes the letter. 
II. SYSTEM MODEL FOR THE SUBBAND INDEX SCHEMES
For completeness, brief description of the conventional m-CAP scheme is first illustrated after which the subband index schemes are presented.
A. Brief Illustration of m-CAP
The m-CAP signal is realized by mapping stream of information bits to M-QAM constellation symbols. The symbols are upsampled, separated into real and imaginary parts and respectively passed through in-phase (h(t)) and quadrature (h(t)) transmit filters [2] . The filters form a Hilbert pair and are realised, for each of the N subbands of m-CAP, as:
andh
where g(t) is the root raised cosine filter (RRCF) and f c,n is the center frequency of the nth subband and expressed as:
to achieve orthogonality between the subbands of m-CAP. The outputs of the filters are added together with a DC-bias to ensure non-negativity. The resulting signal is used to modulate an optical source and sent through the SI-POF channel. At the receiver, a photodiode (PD) converts the incoming optical intensity to a current signal, this is further converted to a voltage signal by the transimpedance amplifier (TIA) and passed through a high-pass filter (HPF) to remove any DC component. The signal is then demodulated using a reversed and conjugated version of the transmit filters. Thereafter, it is mapped to the corresponding bits using M-QAM decoder.
B. Model Description for the Subband Index Schemes
Detailed description of the eSI-CAP model is first presented and from this, the SI-CAP can be obtained as a special case. The block diagram of the proposed eSI-CAP is shown in Fig. 1 To achieve this goal, the constellation can be jointly designed before being separated into its constituent parts. Considering an average power constraint, the optimum constellation points for the configuration considered in this work (for M A = M B = 4) are given in Table I [ 5] . The MED of the constellation is higher than that of the corresponding rectangular QAM constellation under an average power constraint. Hence, the constellation is adopted in this work.
As an example, the mapping process for the eSI-CAP is illustrated for a total of N = 4 subbands, number of active subbands, N a = 2 and constellation sizes M A = M B = 4 as follows: there are N C N a = 6 ways of selecting the N a active subbands. Any N u = 2 log 2 N C Na = 4 of these 6 combinations can then be used for the subband index bits, b s = log 2 (N u ). If bits b = '0110010111' is to be transmitted, then the first b s bits, '01', is mapped to the corresponding subband selection, S 2 = [1, 3; 2, 4] as Table I shows. This means that subbands 1 and 3 are activated and will be modulated from M A while subbands 2 and 4 are modulated from M B . The next N a log 2 (M A ) bits, '1001', are used to draw symbols−1 − j and −1 + j from M A for transmission on the active subbands 1 and 3, respectively. While the last N b log 2 (M B ) bits, '0111', are used to draw symbols + j (1 + √ (3)) and − j (1 + √ (3)) from M B for transmission on the remaining subbands 2 and 4, respectively. The resulting eSI-CAP signal vector that is sent to the m-CAP modulator is given as:
The mapping process illustrated above is the same for configurations employing M > 4, except that the constellation will be different. Some candidate constellations are reported in [4] and [5] . A special case of eSI-CAP, in which only the active subbands carry constellation symbols while the rest are nulled, is termed SI-CAP. That is, subbands 2 and 4 in the example above will be null and set to zero [3] . The transmission efficiency, defined as the number of bits per symbol divided by the number of subbands, of eSI-CAP is expressed as:
while that of SI-CAP is given as [3] :
As for T m−CAP , it is log 2 (M) irrespective of the N employed. It can therefore be concluded that the proposed subband index schemes improve the transmission efficiency of the conventional m-CAP and enable design flexibility.
III. DETECTION TECHNIQUES
The received electrical signal at the output of the m-CAP demodulator can be represented as:
where y n , h n , x n and w n are the components of N × 1 vectors y, h, x and w, respectively. The R represents PD responsivity, K represents the electrical to optical conversion coefficient, β is the modulation index while h n and w n respectively represent SI-POF attenuation and the noise sample for the n th subband. By letting r = RKβhx, the expression in (7) can be written as:
The optimum receiver for eSI-CAP is the maximum likelihood detector (MLD) [3] . However, the MLD considers all possible N u M 
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
The set-up for the experimental demonstration with an SI-POF link is depicted in Fig. 2 . The values of the filter parameters specified in [1] are employed for the three schemes. The signals corresponding to each of the schemes is generated on a computer before being sent to an arbitrary waveform generator (AWG, Agilent 33600 series). The continuous waveform from the AWG is fed to the LED driver with an added suitable DC bias before being used to modulate the intensity of the resonant-cavity LED [3] . The optical signal is transmitted through the SI-POF (HFBR-RUD500Z) and received by a PIN-based photo-receiver (PDA10A). A digital 
⇒ χ 1 χ 2 · · · χ M A and so on. Recursion: 2: for (n = 1; n ≤ N; n + +) do 3: for (m a = 1; m a ≤ M A ; m a + +) do 4: χ m a = |y n − h n s m a | 2 ; oscilloscope (Agilent 7000B Series) is used to capture the received electrical signal, followed by an offline post-detection processing. The response of the link can be approximated as a 4 th order low-pass filter with a measured 3 dB bandwidth of 100 MHz. The system sampling rate is 500 MSa/s. The results are presented using the 'link spectral efficiency', defined as the bit rate divided by the link's 3 dB bandwidth.
The selection of the optimum power-efficient configuration for eSI-CAP at a fixed T is illustrated in Fig. 3 in 10 m SI-POF link for different modulation index, β. Multiple configurations of eSI-CAP with the same T have different BER performance due to the use of dual distinct constellations. Using N = 16 and M = 4, the eSI-CAP configurations with N a = 1 and 15 have the same T = 2.25. However, as shown in Fig. 3 at BER of 3 × 10 −3 and β = 0.36, the configuration with N a = 15 achieves spectral efficiency, η, of 5.58 bit/s/Hz in comparison to 5.3 bit/s/Hz achieved with N a = 1. This leads to a η gain of 0.48 bit/s/Hz which increases to 0.55 bit/s/Hz at β of 0.48. Thus, it is found that for a fixed T , the configuration with the highest N a has the best BER performance and hence is the most power efficient. As a result, the configuration with N a = 15 has been adopted for eSI-CAP in subsequent results.
The BER performance of the subband index schemes are compared to that of the conventional m-CAP in Fig. 4 using N = 16 and N a = 15 in 10 m SI-POF link. The figure shows the performance advantage of the subband by m-CAP. Thus, the proposed subband index schemes achieve better spectral efficiency for a fixed power efficiency and vice versa when compared with the conventional m-CAP. It can be seen from Table II that the subband index schemes consistently outperform the conventional m-CAP over all the range of β investigated and that eSI-CAP maintains its performance enhancement of SI-CAP over these range. Finally, the performance enhancement of the subband index schemes is validated for longer SI-POF link of 60 m as shown in Fig. 5 . At BER of 3 × 10 −3 and β = 0.48, the eSI-CAP achieves η of 2.7 bit/s/Hz in comparison to 2.55 bit/s/Hz and 2.47 bit/s/Hz achieved by SI-CAP and m-CAP, respectively. It is therefore concluded that the proposed subband index schemes significantly improve the spectral/power efficiency of the conventional m-CAP in short range optical data links.
V. CONCLUSION
Novel subband index (SI) schemes that improve the power/spectral efficiency of the conventional m-CAP have been developed. A low complexity detector (LCD) that achieves maximum likelihood solution is also developed for the subband index schemes. It is shown, through experimental demonstrations in 10 m and 60 m SI-POF links, that for a fixed power spectral efficiency, the subband index schemes achieves higher spectral efficiency in comparison to the conventional m-CAP and vice versa. Therefore, the proposed schemes are suitable for short range optical data communications due to their design flexibility and superior spectral/power efficiency over the conventional m-CAP scheme.
